The ecology of Seriphium plumosum is not yet fully understood and therefore requires in-depth research to assist with the control of this encroacher plant. The habitat preferences of the plant were quantified for terrain morphological units in terms of soil fertility, saline/sodic conditions and soil-water relationships. The influence of S. plumosum density on grass production was also quantified. It is clear that the distribution (both occurrence and density) of S. plumosum is associated with soil characteristics. The study indicated the sensitivity of S. plumosum towards wet conditions, perennial and transient water tables, overly high soil pH, clay content, high soil fertility (organic matter and phosphate) and sodium chloride. The deeper the soil profile, the more favourable the habitat for S. plumosum, owing to a decrease in waterlogged conditions. The habitat prevalence of S. plumosum is possibly a reflection of not only climatologically wetness but also of topographic wetness. There was no clear general trend for the individual cations along the terrain units. A significant relationship was established between aboveground phytomass production loss of the grass sward and S. plumosum density. These results confirm the threat posted by S. plumosum in semiarid grassland areas, following changes in environmental characteristics.
Introduction
Seriphium plumosum, previously known as Stoebe vulgaris, is currently viewed as an aggressive encroacher species in large parts of the Grassland Biome of South Africa (Mucina and Rutherford, 2006; Snyman and Le Roux, 2009) , specifically the Cymbopogon-Themeda Veld (Acocks, 1988) . Parts of the Eastern Cape, Free State, Mpumalanga, North West and Gauteng provinces are affected most (Krupko and Davison, 1961; Snyman, 2009a) . This woody dwarf shrub requires a summer rainfall of approximately 620-750 mm (Snyman, 2009a) , which reflects the precipitation boundary between mesic and semiarid grassland.
Encroachment by this unpalatable shrub, that grows to a height of approximately 0.6 m, has assumed a previously inconceivable severity during the last 10 years (Snyman, 2011) , to such an extent that the CARA legislation (Regulation 16 of the Conservation of Agriculture Resources Act 43) listed it as a proclaimed encroacher plant (Jordaan and Jordaan, 2007) . It enormously reduces the grazing capacity of grasslands (Moore and Van Niekerk, 1987; Wepener et al., 2008) , since its rapid spread displaces grasses (Roux, 1969; Story, 1952) . Farmers spend millions of rand each year on fruitless efforts to eradicate this plant. A common view is that S. plumosum evolved from Stoebe cinerea by mutations, which changed its character and enabled it to invade grassland (Roux, 1969) . It is not known when this happened and it may have been an uncommon plant until recent times, until changing environmental or ecological conditions enabled it to spread rapidly. Although S. plumosum (also known as bankrupt bush, slangbos, vaalbos or Khoi kooigoed in the Western Cape) is indigenous to South Africa, it has naturalised in other countries in Africa (Angola, Namibia, Mozambique and Zimbabwe; Koekemoer, 2001) and is also found in Madagascar and the USA (Badenhorst, 2009; Schmidt et al., 2002) .
There is relatively little scientific-based information on the habitat preferences and adaptability of this plant (Snyman, 2010a; Snyman and Le Roux, 2009) , although various physiological and phenological aspects have been discussed by Roux (1969) and Snyman (2010b Snyman ( , 2011 . Some researchers believe that S. plumosum encroachment is not so much a result of overgrazing as of low soil fertility (Davidson, 1962; Hattingh, 1953) . Roux (1969) argued that it was more an invader of grassland than ploughed lands, which was in contrast to the opinion of Richter (1989) . Marginal land withdrawn from cash-crop cultivation usually forms part of the first areas of encroachment (Snyman, 2009b) . The plant prefers slightly sandier soils with low pH (Krupko and Davison, 1961; Roberts, 1966; Smit, 1955; Snyman and Le Roux, 2009; Walker and Noy-Meir, 1982) , although soils with a clay content of up to 24% could still be encroached if the drainage is sufficient and favours the establishment of this woody species (Wepener, 2007) . It is abundant on rocky hill slopes where it first establishes on the southern slopes before spreading to valleys and seldom occurs in the wet (vlei) areas (Roberts, 1966; Snyman, 2009a) which have higher fertility, and clay and Na content in the soil (Snyman and Le Roux, 2009 ). It forms dense stands over time, which is a normal characteristic of windpollinated plants (Burgoyne et al., 2005) . It can be concluded that there is still a large measure of uncertainty about the specific habitat preferences of S. plumosum and this is not always considered in control measures. In the present study it was hypothesised that the avoidance of certain habitats by S. plumosum must be attributed to specific soil characteristics such as soil-water relationships, soil fertility and saline/sodic conditions. It was also predicted that the denser the S. plumosum shrub stand, the greater the negative effect on grass production. This ecological knowledge can contribute towards the planning of more effective control measures for this encroacher shrub.
Materials and methods

Study area
The research was conducted in October 2008 to March 2009 on the farm Eden, close to the small town of Thaba Nchu (29°42′ S; 26°57′ E; altitude 1450 m), about 80 km east of Bloemfontein in the semiarid region of South Africa. Rain falls almost exclusively during summer (October to April), with a long-term annual mean of 630 mm and a mean of 66 rainy days per year (Schulze, 1979) . Mean monthly maximum temperatures range from 17°C in July to 33°C in January, with a mean of 131 frostdays annually (Schulze, 1979) . Frost occurs from the end of April to the beginning of October. Summer temperatures are moderate with very cold winters, with absolute minimum and maximum temperatures varying between −11°C and 38°C.
The study area is situated in the Eastern Free State Sandy Grassland (vegetation type-GM4) described by Mucina and Rutherford (2006) . The grassland was in good condition and consisted of dense grassland (Snyman, 2010b) . Grassland condition was determined according to the degradation gradient technique of Van der Westhuizen et al. (1999) . Dominant perennial species include Cymbopogon pospischilii, Digitaria eriantha, Elionurus muticus and Themeda triandra. Perennial grass cover has diminished with overgrazing in these areas. Species such as Eragrostis chloromelas and perennials of low grazing value such as Microchloa caffra and Artistida species were more abundant. Although the stocking rate was according to the recommended long-term grazing capacity of this veld type (5 ha LSU − 1 ), severe S. plumosum encroachment has taken place in this area, especially over the last 10 years (Snyman, 2009a (Snyman, , 2011 .
Soils in the study area are of the Tukulu, Estcourt, Katspruit and Kroonstad soil forms, depending on the topography (Soil Classification Working Group, 1991) . The detailed soil form characteristics are described under Results and discussion.
Terrain morphological units
Terrain morphological units were used to quantify the habitat preferences of S. plumosum (Soil Classification Working Group, 1991). The experimental layout was a fully randomised design with ten replications for each terrain morphological unit (middle slope, foot slope and valley bottom). The terrain units also represent a topographic gradient where the stand density of S. plumosum plants increased significantly with altitude. Grazing history of all units was the same as they are set out in the same paddock. To obtain an indication of any soil characteristic changes over the topographic gradient, interactions between S. plumosum occurrence and soil data, namely effective depth, texture and chemical characteristics of the soil were investigated. Soil samples (10 per unit) for laboratory analyses were randomly taken in the middle of each of these units up to a depth of 200 mm, and also at the transition of the foot slope and valley bottom. The effective soil depth was determined with a soil auger and the effective depth of root penetration used as the norm.
All analyses regarding physical and chemical characteristics were conducted in accordance with standard laboratory techniques outlined by the Non-Affiliated Soil Analysis Work Committee (1990).
Aboveground grass production loss due to S. plumosum encroachment
The topographical gradient, also implying a S. plumosum density gradient, was used to quantify the grass production loss due to shrub encroachment. The aboveground grass phytomass production at different shrub densities was determined by cutting 12 quadrats (0.5 × 0.5 m) randomly distributed among the different shrub densities within an area of 10 × 10 m per density class (where the shrubs were counted). Nine density classes (0-500, 501-1000, 1001-1500, 1501-2000, 2001-2500, 2501-3000, 3001-3500, 3501-4000 and N 4000) were identified along the topographic gradient. Grasses were cut to a height of 30 mm within every quadrant and dried. The same procedure was followed for each soil form in open areas, where no S. plumosum plants occurred, adjacent to encroached areas. The aboveground grass phytomass production loss was subsequently calculated for the different S. plumosum stands.
Data analysis
A one-way analysis of variance (ANOVA) with a 95% confidence interval was performed (ten replications) for the terrain morphological units (middle slope, foot slope and valley bottom) to determine any significant differences between soil parameters (Winer, 1974) . Significance between treatments was determined using Tukey's test (Mendenhall and Sincich, 1996) .
Phytomass production data were analysed using SAS (DOS program, version 6.04; SAS, 2001 ) and the Number Cruncher Statistical System (2000) software package (Hintze, 1997) . Descriptive statistics such as means, standard deviations and percentages were employed for the remainder of the data.
Results and discussion
Terrain morphological units
It is clear that S. plumosum distribution (both occurrence and density) is positively (P b 0.01) associated with soil form (Table 1) . Amongst other soil parameters, the hydrology of these soils varies significantly. The Tukulu soils cover the higher-lying middle slope, which are deep soils with a perennial water table in a deep subsoil (Soil Classification Working Group, 1991; Land Type Survey Staff, 2008) . The water table probably is raised in the peak rainy season of higher rainfall years. However, it is seasonally driven rather than linked to individual rainfall events. The topsoil and subsoil do not saturate and allow free drainage of water. These soils have a high water-holding capacity favouring plant species such as S. plumosum with a high biomass production.
The Estcourt soils of the foot slope are periodically saturated in the subsoil (E horizon). It has a transient water table that saturates for short periods after heavy rainfall events in the rainy season (Soil Classification Working Group, 1991; Land Type Survey Staff, 2008) . It dries out severely due to the low waterholding capacity, favouring plant species resistant to the extremes of water-logging and drought conditions, such as S. plumosum.
The subsoil of the Katspruit soils (transition from foot slope to valley bottom) is saturated for long periods during the peak rainy season of high-rainfall years (Soil Classification Working Group, 1991; Land Type Survey Staff, 2008) . This condition of a perennial water table selects for vegetation which is resistant to and favour waterlogged conditions. Kroonstad soils (valley bottom) are saturated for longer periods and have both perennial and transient water tables. These excessively wet conditions explain why no S. plumosum plants occurred on this terrain unit.
The discussion of the above soil forms indicates that S. plumosum is very sensitive to high soil water conditions (both perennial and transient water tables) and rather prefers a habitat where the soil is periodically subjected to water stress conditions. Consequently, the density of S. plumosum decreased significantly (P b 0.01) down the slope from an average of 2916 to 482 shrubs ha − 1 (84% less) with no S. plumosum plants growing on the valley bottom (Table 1 ). The S. plumosum density decreased more drastically approaching the valley bottom with, for example, a 66% decrease from the foot slope to the transition between foot slope and valley bottom. More or less the same variation in shrub sizes occurred in the different terrain morphological units.
The effective soil depth was also linked (P b 0.01) to density of the S. plumosum stand ( Table 1) . The deeper or thicker the soil profile, the more favourable the habitat for S. plumosum, owing to a decrease in waterlogged conditions. The Kroonstad soil form of the valley bottom also has the characteristic, apart from the low effective depth as already discussed, of extreme soil-water conditions, namely of rapidly becoming saturated but just as rapidly drying out, and is therefore an unfavourable habitat for S. plumosum. S. plumosum is indeed found on rocky hills with a shallow soil, but with the condition that the soil has a good drainage capacity (Snyman, 2009a) . Though not a marked difference, the pH also decreases (P b 0.01) as the valley bottom is approached. The pH at the highest and lowest occurrence of S. plumosum was 5.0 and 4.7 (P b 0.01), respectively.
The clay content of the soil also considerably increased from the middle slope to the valley bottom, from 12 to 19%, respectively (Table 1 ). This increase in clay content created a possibly unfavourable habitat together with the other soil parameters, though S. plumosum has been found on soils with clay content as high as 24% (Wepener, 2007) . The limiting for this is that the soil must still have a very good drainage capacity.
Soil fertility in terms of total N, organic C and extractable P increased (P b 0.01) when moving from the middle slope to the valley bottom (Table 1) . Especially those terrain units lower than the foot slope had notably higher fertility. The habitat preference of S. plumosum for soils of lower fertility (organic matter) is also well supported by the fact that S. plumosum first encroaches the marginal soil (of low fertility) withdrawn from cash-crop cultivation (Snyman, 2009a) . By contrast, the soil fertility in terms of exchangeable plus water-soluble cations, expressed as percentage base saturation, decreased (P b 0.01) towards the valley bottom, which could be ascribed to possible leaching in the wet (vlei) area. There was no clear general trend for the individual cations along the terrain units. The high Ca, Mg and K content found in the middle slope could possibly be due to the dolerite formations characterising this terrain unit and giving rise to fertile soil (Soil Classification Working Group, 1991) .
The Na content of the soil was highest (P b 0.01) in the valley bottom. The sodium absorption ratio for the middle slope, foot slope, transition between foot slope to valley bottom, and valley bottom were 0.11, 0.17, 0.19 and 0.28, respectively. It is therefore clear that, although the sodium absorption ratio (SAR) was highest in the valley bottom, it was still far from a threshold salinity/sodicity level (SAR N 5) (Van der Merwe et al., 1975) .
The habitat prevalence of S. plumosum is possibly a reflection of both topographical and climatological wetness and therefore the valley bottom is avoided as habitat. The Estcourt soil form, which is periodically saturated in the subsoil (E horizon), is clearly differentiated into two soil families, namely the wetter 2209-Haarlem and drier 1200-Nuweplaas. The number of S. plumosum plants varied considerably between the two adjacent soil families, namely an average of 612 and 1424 shrubs ha − 1 for the Haarlem and Nuweplaas families, respectively. This incidence indicates that within a soil form, the topographic wetness of the different soil families can influence the location of S. plumosum. As mentioned, the Estcourt soil form dries out severely due to a low waterholding capacity favouring plant species resistant to the extremes of waterlogged and drought conditions. The Estcourt 1200-Nuweplaas family is saturated for shorter periods than the lowerlying 2200-Haarlem family (Soil Classification Working Group, 1991; Land Type Survey Staff, 2008) , accounting for the higher incidence of S. plumosum on the former soil family. Notably, in sites where Eragrostis plana and Eragrostis gummiflua are also found, the occurrence of S. plumosum plants drastically decreased. Both Eragrostis species are associated with wetter habitats. Concerning the climatological wetness, it is generally known that S. plumosum plants first establish on the wetter and cooler southern slopes, before spreading to the drier, northern parts of a mountain or ridge (Roberts, 1966; Snyman, 2009a) . The niche occupied by S. plumosum lies on the precipitation boundary of the mesic and semiarid (620-750 mm) grassland, accompanying soils with a low pH (Hattingh, 1953; Snyman, 2009a; Story, 1952) . Another good example of climatological wetness boundaries is Thaba Nchu Mountain adjacent to the research sites (Snyman, 2009a) . The mountain is divided into two different land types, namely the part west of the mountain in the direction of the town of Thaba Nchu/Bloemfontein and the eastern part towards Tweespruit/Ladybrand (LTSS, 2008) . Each land type is characterised by its own unique soil forms and climate (rainfall and temperature). The mountain range stretching north/south forms a type of watershed or rain shadow, so that less rainfall (long-term mean 560 mm) is received by the western land type and is dominated by sweeter grasses such as T. triandra and soil with a higher pH than the eastern land type, where the grassland and soil are more acidic due to a sandier texture and higher rainfall (longterm mean 630 mm; Snyman, 2009a) . Interestingly, no S. plumosum plants have been found in the western land type compared to the severe encroachment in the eastern land type. This distribution can figuratively be cut with a knife as observed when the mountain range is crossed between the towns of Thaba Nchu and Tweespruit. This conspicuous phenomenon is a clear illustration of the climatic habitat preferences of this encroacher plant.
3.2. Aboveground grass phytomass production loss due to S. plumosum encroachment A statistically significant (P ≤ 0.01, r = 0.99) relationship was established between aboveground phytomass production loss of the grass sward and S. plumosum density following a topographic gradient (Fig. 1) . The strength of this correlation necessitated further investigation of the relation between these two variables for other areas of S. plumosum encroachment as well as over other rainfall seasons. The rainfall over the 2008/09 growing season was only 11% above the long-term mean for the study area. The resultant function is thus useful for the prediction of grass production loss due to shrub encroachment. The grass production loss due to shrub encroachment can be determined Table 1 Terrain morphological units, their soil forms and families, mean (±SE) Seriphium plumosum shrub density and soil parameters as measured for each soil form (n = 10). CEC = cation exchange capacity. Means (n = 10) within a parameter with different letters are significantly different at P with an accuracy of 99% if the density of the shrubs is known (Fig. 1) . It is clear that an increase in S. plumosum density causes a significant decrease in aboveground phytomass production of the grasses. Up to a threshold of 2000 shrubs ha − 1 a drastic reduction in production potential of grasses occurred. It is possible that at a density of between 2000 and 5000 shrubs ha − 1 , the root distribution of the shrubs spreads to such an extent that they compete more or less the same for water and plant nutrients with the grasses. The grass production loss due to S. plumosum encroachment only differed by about 20% between the 2000 and 5000 shrubs ha − 1 . It can be concluded that if the encroachment reaches a level of 2000 shrubs ha − 1 , regardless of further encroachment, it has already decreased the production potential of the rangeland by about 65%.
Conclusions
The previously widely divergent opinions on the habitat preferences and control of S. plumosum, which has widely encroached grassland in South Africa, hinder the development and implementation of measures for its control. This study sheds more light on the reasons for S. plumosum avoiding mostly wet (vlei) areas with shallower clay soils. It is indicated that this shrub is very sensitive to high soil-water conditions (both perennial and transient water tables). The collective findings indicate that climatological and topographical wetness is important factors defining the habitat of S. plumosum with soil fertility contributing secondarily. Their avoidance of the more fertile (high organic matter and P contents) and more saline/ sodic soils that characterise the valley bottoms were identified. The fact that marginal soils, withdrawn from cash-crop cultivation, are among the most actively encroached areas might be ascribed to the lower fertility (organic matter, N and C contents) of the soil forming a more favourable habitat for S. plumosum. Additional in-depth habitat data of different encroachment environments is required to form a better understanding of the total population dynamics of S. plumosum so that the species can be successfully controlled and not allowed to further decrease the production potential of grasslands. These findings further illustrate that S. plumosum avoids a habitat of high soil fertility (organic matter), saline/sodic soil conditions and high soil-water conditions, which supports the posted hypothesis as stated in the introduction.
Economically, financially and ecologically justifiable control measures must be chosen to prevent S. plumosum encroachment. South Africa cannot afford to lose productive grassland to the encroachment of this highly unpalatable and unproductive shrub, which enormously reduces the grazing capacity and economic viability of livestock farming in the affected areas. The habitat information from this study can therefore serve as a guideline to assist land users in determining grass production losses due to S. plumosum encroachment, for preventing degradation of grasslands through overgrazing. ) (P b 0.01; n = 9).
